Abstract: Single-molecule orientation measurements provide insight into a multitude of biological and polymeric systems. We present a technique for measuring the azimuthal orientation and rotational dynamics of single fluorescent molecules, which is compatible with localization microscopy.
Introduction
Since the first room-temperature experiments conducted two decades ago [1] , single-molecule orientation measurements have been used to study motor proteins, probe the structure of actin and DNA, and uncover molecular ordering inside of individual cells. The recent emergence of widefield localization microscopy techniques beyond the diffraction limit [2] , such as (f)PALM, STORM and PAINT, has enabled us to combine high-throughput singlemolecule orientation measurements with super-resolution images-thus providing researchers with a new tool for detecting molecular alignment, and structural heterogeneities from fluorescence image data.
Localization microscopy utilizes the following principles: First, by optical or chemical means, the concentration of actively fluorescing molecules labeling a structure is diluted to such an extent that fluorescence images of individual molecules are separately discernable on a camera sensor. By fitting the single-molecule images to model functions such as Gaussians, the positions of the molecules are estimated, i.e. they are localized separately in time. From the estimated positions of all localized molecules, a 'pointillist' reconstruction is generated with resolution typically an order of magnitude finer than the diffraction limit, thus achieving super-resolution. We demonstrate how, in addition to spatial position, in-plane molecular orientation and rotational immobility may be ascertained over the course of a typical super-resolution imaging experiment.
Method
To perform single-molecule orientation measurements, we have devised a simple modification to a conventional widefield fluorescence microscope. By inserting an electro-optic modulator (EOM) into the beam-path of our excitation laser ( Fig. 1(a) ), we alternate the excitation polarization between three unique polarizations rotated roughly 60° from each other, while simultaneously performing epifluorescence localization microscopy. As the excitation polarization is adjusted, the emission intensity (brightness) U of detected molecules will fluctuate ( Fig.  1(b) ) in proportion to how closely their absorption dipole moments μ align with the polarization vector E of the excitation electric field:
In Eq. 1, we assume a partially mobile dipole μ(t) that may rotate over time, with camera exposure time T, and A a proportionality constant. For the subset of molecules that remain in a fluorescent state for at least three complete camera frames, our data analysis procedure enables us to characterize their (azimuthal) rotational dynamics. Specifically, we measure the following two parameters (see [3] for our image analysis procedure): We determine the mean azimuthal orientation ϕ of the absorption dipole moment, in addition to azimuthal rotational immobility-a parameter that we term γ. In the absence of measurement noise, the value of γ varies from 0 to 1. A completely immobilized molecule will have a γ of 1, while a molecule that is freely rotating (visiting each ϕ with equal frequency over a single camera frame) will have a γ of 0. Intermediate γ values characterize how closely a given molecule resembles each of these two extremes. Furthermore, γ is related to an azimuthal 'arc-angle' δ (inset, Fig.  1(a) ), describing the range of orientations to which a given molecule is rotationally constrained:
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Results
To demonstrate our approach, we have used intercalating and groove-binding dyes to obtain super-resolved images of stretched lambda phage DNA through binding-induced turn-on of fluorescence. By augmenting our superresolution data with thousands of dye molecule orientation measurements, we image individual DNA strands, while also revealing the rotational dynamics of different types of dyes. Fig. 1(c) shows super-resolution images of DNA labeled with the intercalating dye SYTOX Orange. In this case, dye molecule align perpendicular to the DNA strand and exhibit considerable rotational confinement (median δ of 44°). In contrast, for imaging experiments performed using the minor groove-binding dye SiR-Hoechst, no overall molecular alignment was observed, and dramatically enhanced rotational mobility (median δ of 117°) was measured. Using both single-molecule orientation measurements and super-resolution imaging, it is possible to assess molecular alignment, while also discerning features within a sample that occur over length-scales smaller than the diffraction limit. In the future, our technique may prove a useful tool for studying interactions between DNA and proteins. For example, since intercalating dyes reliably orient perpendicular to DNA, they may potentially be used to infer how DNA-binding proteins such as nucleosomes twist and loop a DNA substrate. A wide range of superresolution imaging applications stand to benefit. 
